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Neurobiology of Disease

The Survival of Motor Neuron (SMN) Protein Interacts with
the mRNA-Binding Protein HuD and Regulates Localization
of Poly(A) mRNA in Primary Motor Neuron Axons
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Spinal muscular atrophy (SMA) results from reduced levels of the survival of motor neuron (SMN) protein, which has a well characterized
function in spliceosomal small nuclear ribonucleoprotein assembly. Currently, it is not understood how deficiency of a housekeeping
protein leads to the selective degeneration of spinal cord motor neurons. Numerous studies have shown that SMN is present in neuronal
processes and has many interaction partners, including mRNA-binding proteins, suggesting a potential noncanonical role in axonal
mRNA metabolism. In this study, we have established a novel technological approach using bimolecular fluorescence complementation
(BiFC) and quantitative image analysis to characterize SMN-protein interactions in primary motor neurons. Consistent with biochemical
studies on the SMN complex, BiFC analysis revealed that SMN dimerizes and interacts with Gemin2 in nuclear gems and axonal granules.
In addition, using pull down assays, immunofluorescence, cell transfection, and BiFC, we characterized a novel interaction between SMN
and the neuronal mRNA-binding protein HuD, which was dependent on the Tudor domain of SMN. A missense mutation in the SMN
Tudor domain, which is known to cause SMA, impaired the interaction with HuD, but did not affect SMN axonal localization or self-
association. Furthermore, time-lapse microscopy revealed SMN cotransport with HuD in live motor neurons. Importantly, SMN knock-
down in primary motor neurons resulted in a specific reduction of both HuD protein and poly(A) mRNA levels in the axonal
compartment. These findings reveal a noncanonical role for SMN whereby its interaction with mRNA-binding proteins may facilitate the

localization of associated poly(A) mRNAs into axons.

Introduction

Spinal muscular atrophy (SMA) is characterized by the specific
degeneration of spinal cord motor neurons caused by a reduction
in the ubiquitously expressed survival of motor neuron (SMN)
protein (Burghes and Beattie, 2009). SMN localizes to both the
cytoplasm and nuclear bodies called gems and, together with
Gemin2-8 and Unrip forms a multimeric complex (Meister et al.,
2002; Kolb et al., 2007) that facilitates the assembly of Sm/LSm
proteins on U snRNAs into the spliceosomal small nuclear ribo-
nucleoprotein (snRNP) core (Battle et al., 2006; Chari et al.,
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2009). Despite the progress in understanding SMN housekeeping
function, the reason for the unique vulnerability of motor neu-
rons to low levels of SMN is still unknown.

mRNA transport and local translation are thought to be par-
ticularly relevant for highly polarized cells such as neurons (Holt
and Bullock, 2009). Disruption and deregulation of mRNA splic-
ing, transport, or local translation have been linked to various
neurodegenerative diseases, including amyotrophic lateral scle-
rosis, distal SMA I and V, and distal hereditary neuropathies
(Anthony and Gallo, 2010; Lemmens et al., 2010). A variety of
mRNA-binding proteins such as hnRNP-R/Q, KSRP (KH-type
splicing regulatory protein), and FMRP (fragile X mental retar-
dation protein) have been shown to associate with SMN (Rossoll
and Bassell, 2009), and motor neurons derived from a severe
SMA mouse model show defective accumulation of B-actin
mRNA at axon tips (Rossoll et al., 2003). Furthermore, SMN-
containing granules have been found to localize and be trans-
ported in processes and growth cones of motor neurons (Fallini
etal., 2010) and forebrain neurons together with Gemin2 (Zhang
et al., 2006). Although these observations suggest a link between
SMN and the mRNA-transport machinery, whether SMN defi-
ciency impairs general mRNA trafficking in motor neuron axons
has never been demonstrated. Additionally, it is still unknown
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whether SMN, either alone or associated with components of the
SMN complex, interacts with mRNA-binding proteins in indi-
vidual granules, regulating their activity and axonal localization.

In this study, we have addressed a potential noncanonical
function of SMN in axons by characterizing a novel interaction
with the neuronal-specific nRNA-binding protein HuD. HuD, a
member of the ELAV (embryonic lethal abnormal vision) family,
binds to AU-rich elements in the 3'-untranslated region (3'UTR)
of target mRNAs and controls their stability and translation
(Aronov et al., 2001; Atlas et al., 2004; Smith et al., 2004; Tiruchi-
napalli et al., 2008). HuD has a well established role in neuronal
development and plasticity (Perrone-Bizzozero and Bolognani,
2002), and HuD-deficient mice exhibit specific motor deficits,
such as abnormal hindlimb reflex and poor rotarod performance
(Akamatsu et al., 2005).

By using quantitative colocalization and bimolecular fluores-
cence complementation (BiFC), we show that SMN and HuD
colocalize in actively transported axonal granules that are devoid
of Sm proteins. The SMN-HuD interaction depended on the
SMN Tudor domain and an SMA patient-derived missense mu-
tation in this domain dramatically reduced the interaction. Im-
portantly, low SMN levels impaired the localization of HuD and
of poly(A)-positive mRNAs specifically in the axons of primary
motor neurons, supporting a role for SMN in mRNA trafficking
and suggesting possible mechanisms that may underlie axonal
defects in SMA.

Materials and Methods

Primary motor neuron culture and transfection. Primary motor neurons
from embryonic day 13.5 (E13.5) mouse embryos were isolated, cul-
tured, and transfected by magnetofection as previously described (Fallini
etal,, 2010). Monomeric green fluorescent protein (mEGFP) or red flu-
orescent protein (mCherry) were fused to murine wild-type or mutant
SMN, human Gemin2, and human HuD cDNAs. A flexible linker
[(SGGG);] was inserted between the fusion partners to facilitate correct
protein folding. GFP SmD1, mCherry cDNA, and hemagglutinin (HA)-
tagged Unrip constructs were kindly provided by Dr. Angus Lamond
(Wellcome Trust Centre, London, UK) (Sleeman and Lamond, 1999),
Dr. Roger Tsien (University of California, San Diego, La Jolla, CA)
(Shaner et al., 2004), and Dr. Pran K. Datta (Vanderbilt University Med-
ical Center, Nashville, TN) (Datta et al., 1998). The shRNA vectors (Open
Biosystems) were used as described previously (Fallini et al., 2010).

Chick forebrain and rat hippocampal culture. Chick forebrain neurons
were cultured as described previously (Zhang et al., 2003). Rat cortical
neurons (E18), obtained from Gene Therapy System, were grown on
poly-L-lysine (1 mg/ml)-coated coverslips in N3 conditioned medium
for 3 d. Neuronal transfections were performed using DOTAP liposomal
reagent (Roche) as described previously (Zhang et al., 2003).

Coimmunoprecipitation and Western blots. Total mouse (E12.5, E16,
and postnatal day 20) and rat (E18) spinal cords were lysed in lysis buffer
(50 mm Tris-HCI, 150 mm NaCl, 2% Triton X-100, protease inhibitors).
SMN immunoprecipitation (anti-SMN 2B1, Sigma) was performed us-
ing protein G-agarose beads (Roche) following the manufacturer’s rec-
ommendations. Incubation with no antibody and mouse IgG (Sigma)
were used as controls. Endogenous SMN and HuD proteins were de-
tected using an SMN monoclonal antibody (1:2000, BD Biosciences) and
a HuD polyclonal antibody (1:1000, Millipore).

HEK293 cells, cultured in DMEM containing 10% FBS, were trans-
fected with FLAG- and EGFP-tagged constructs using Lipofectamine
2000 (Invitrogen) or TurboFect (Fermentas) according to the manufac-
turer’s recommendations. One day after transfection, cells were lysed (50
mMm Tris-HCI, 150 mm NaCl, 0.1% NP-40, and 0.1% sodium deoxy-
cholate, pH 7.4) and the whole-cell extract was incubated with a rabbit
anti-FLAG antibody (1:500, Sigma) and protein-A agarose beads
(Roche) at 4°C overnight with rotation. After washing with a high-salt
buffer (50 mm Tris-HCI, 300 mm NaCl, 0.1% NP-40), the agarose pellets

J. Neurosci., March 9, 2011 - 31(10):3914-3925 + 3915

were separated on a 4—12% SDS-PAGE gel for Western blot analysis.
Monoclonal antibodies to FLAG (1:4000, Sigma) or EGFP (1:5000, BD
Biosciences) were used for detection of FLAG- and EGFP-fusion pro-
teins. For RNase treatment, protein extracts were incubated with or with-
out 1 mg/ml RNase A for 1 h at 37°C before immunoprecipitation.

GST-binding assay. cDNAs of SMN or HuD were subcloned into
pGEX-6p-1 vector and transformed into the BL21 Escherichia coli strain.
Expression of GST fusion proteins was induced using IPTG (1 mm) for
3 h. Glutathione Sepharose beads (GE Healthcare) bound to GST-SMN
or GST-HuD were washed (PBS, 500 mMm NaCl, 0.1% Triton X-100) and
incubated with the protein extracts from rat brain tissues at 4°C over-
night. As controls, GST tag and glutathione Sepharose beads alone were
incubated with the protein extracts. After washing with TBS containing
500 mm NaCl, proteins from the bead pellets (P) and supernatant (S)
were run on 4—-12% gradient gels for Western blot analysis. Membranes
were incubated with antibody to HuD (Millipore) or SMN (BD
Biosciences).

Cell staining and imaging. Motor neurons were fixed for 15 min with
4% paraformaldehyde in PBS 24 h or 5 d after transfection, as indicated.
Anti-SMN (1:500; BD Biosciences), monoclonal HuD (1:500; 16C12,
Abcam), polyclonal HuD (1:500; Millipore), Gemin2 (1:1000; provided
by Dr. Utz Fischer, University of Wuerzburg, Germany), glycyl-tRNA
synthetase (GARS; 1:250; Epitomics), Unrip (1:500; BD Biosciences),
and HA (1:1000; HA7, Sigma-Aldrich) antibodies were incubated over-
night at 4°C. Cy3-, Cy2- or Cy5-conjugated secondary antibodies (Jack-
son ImmunoResearch) were incubated for 1 h at room temperature.
Z-series (5-10 sections, 0.2 wm thickness) were acquired with an epiflu-
orescence microscope (Ti, Nikon) equipped with a cooled CCD camera
(HQ2, Photometrics). Motor neuron axons were identified by morphol-
ogy as the longest unbranched cell process.

Bimolecular fluorescence complementation. The N- and C-terminal
fragments of Venus yellow fluorescent protein (VFP) (a kind gift from
Dr. Atsushi Miyawaki, Brain Science Institute, Wako City, Japan), split at
nucleotide 465 by PCR (Shyu et al., 2006), were fused to full-length
murine SMN, SMNAT, SMN F13#K SMN ¢27°V human Gemin2, murine
Unrip, human SmD1, and human HuD cDNAs. A point mutation
(A206K) was introduced to generate a monomeric form of VEP as de-
scribed previously (Zacharias et al., 2002). Neuro2a cells were cultured in
DMEM (Invitrogen) supplemented with 10% FBS (Sigma) and 1% Pen-
Strep (Invitrogen). Cells were transfected with TurboFect (Fermentas)
according to the manufacturer’s instructions. DNA for each BiFC plas-
mid, the pECFP-CI1 plasmid (Clontech), coding for the cyan fluorescent
protein, and the pcDNA3 carrier DNA, were used for transfection in a
ratio of 1:1:1:5. Cells were fixed with 4% paraformaldehyde in PBS 12 h
after transfection and three-dimensional (3D) stacks (10—20 sections, 0.6
um thickness) were acquired using a wide-field fluorescence microscope
(TE2000, Nikon).

Data analysis. Fluorescence Z-stacks were deconvolved (Autodeblur,
Media Cybernetics) and analyzed using the Imaris software (Bitplane).
For colocalization and fluorescence intensity analysis, 70—80 wm of the
axon starting from the cell body were analyzed. Background fluorescence
was subtracted in all channels, and fluorescence intensities were thresh-
olded to discriminate between signal and noise. For colocalization anal-
ysis, stringent thresholds and parameters were used to identify
colocalized signal following the method developed by Costes et al.
(2004), and implemented in the Imaris image analysis suite. For particle
counting, granules with a diameter between 0.2 and 0.4 wm and fluores-
cence intensity significantly higher than background were considered.
For BiFC experiments, >100 cells per condition from 3 independent
experiments were quantified. Fluorescence from ECFP was used to iden-
tify transfected cells and to normalize the VFP signal for transfection
efficiency. Since the intensity of the BiFC signal depends on the relative
orientation of the fusion proteins within the complex and cannot be
directly compared among different BiFC protein pairs (e.g., SMN-
Gemin2 vs SMN-SMN), the number of BiFC-positive cells was quanti-
fied. Cells were considered BiFC-positive if the VFP fluorescence was at
least 1.5-fold higher than autofluorescence from cells transfected with
ECFP alone. For comparing the BiFC signal of different SMN mutants,
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SMN colocalizes with Gemin2 and Unrip but not SmD1 in motor neuron axons. A, Cotransfection of an SMN-mCherry fusion construct with EGFP (top), EGFP-Gemin2 (middle), and
EGFP-SmD1 (bottom) in primary motor neurons. SMN localizes to nuclear gems (left two panels, arrows), and granules in the cytoplasm and axon (right two panels, arrowheads). Axonal
SMN-positive granules (arrowheads) contain Gemin2 but not SmD1, whose localization is restricted to the nuclear compartment, with few cytoplasmic granules colocalizing with SMN. B,
Endogenous (top) and HA-tagged (bottom) Unrip is present in motor neuron axons and partially colocalizes with SMN-GFP in axonal granules (arrowheads) but not in nuclear gems (arrows). Insets
are enlarged images of boxed sections. Scale bars, 10 wm.

EGFP-SmD1 + SMN-mCherry

Figure 1.

mean VFP fluorescence intensity, normalized to the ECFP signal, was
quantified.

Live cell imaging. Motor neurons were plated on poly-ornithine/
laminin-coated Delta T culture dishes (Bioptechs). Twenty-four hours
after transfection, cells were starved in plain Neurobasal medium for 30
min and then stimulated for 15 min with 10 ng/ul BDNF or 100 um
Br-cAMP (Calbiochem) in glia-conditioned low fluorescence-imaging
medium (Hibernate E, BrainBits) supplemented with 2% B27 and 2%
horse serum. Movies were acquired using a wide-field microscope
(TE2000, Nikon) with a high-speed cooled CCD camera (Cascade 512b,
Photometrics) or a confocal microscope (A1R, Nikon).

Fluorescence in situ hybridization. A digoxigenin (DIG)-labeled oligo
dT probe (Biosearch Technologies) was used to detect poly(A)-positive
mRNAs. Fluorescence in situ hybridization (FISH) was performed as
described previously (Bassell et al., 1994, 1998) with some modifications.
Briefly, fixed motor neurons were rinsed in PBS containing 5 mm MgCl,
and equilibrated in 15% formamide (Sigma), 1X SSC for 5 min before
preincubation in hybridization buffer (10% dextran sulfate, 2X SSC, 4
mg/ml BSA, 20 mum ribonucleoside vanadyl complex, and 10 mm sodium
phosphate buffer, pH 7.0) at 37°C for 1.5 h. Probes (10 ng) were dried
with 10 ug each of E. coli tRNA and salmon sperm DNA and then resus-
pended in 15 ul of 30% formamide, 2X SSC buffer. Probes were mixed
with 15 ul of hybridization buffer and incubated with the coverslips at
37°C overnight. After stringent washes with 15% formamide/1X SSC,
they were incubated with Cy3-labeled sheep anti-DIG antibody (Roche)
at room temperature for 1 h, followed by Cy3-labeled anti-sheep anti-
bodies for 30 min (Jackson ImmunoResearch). The specificity of oligo
dT probes was demonstrated using an oligo dA control probe as previ-
ously described (Bassell et al., 1994).
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Results

SMN colocalizes with Unrip and Gemin2 but not SmD1 in
motor neuron axons

SMN protein has been shown to localize to motor neuron axons
where it may exert an important function for motor neuron
maintenance in addition to its essential role in snRNP assembly
(Burghes and Beattie, 2009; Rossoll and Bassell, 2009). To address
this hypothesis, we first investigated the axonal colocalization of
SMN with components of the classical SMN complex in primary
mouse motor neurons using fluorescent reporters. SMN fused to
the red fluorescent protein mCherry was coexpressed with EGFP
alone, or with EGFP fused to Gemin2 or SmD1 (Fig. 1A). SMN
strongly colocalized with Gemin2 in nuclear gems and in gran-
ules in the cell body. Additionally, as we had previously described
using quantitative immunofluorescence (Zhang et al., 2006),
substantial colocalization was observed in axonal particles. To
find out whether these granules also contain snRNP core compo-
nents, we investigated the colocalization of SMN with SmD1.
GFP-tagged SmD1 was localized mainly to nuclei and cell bodies,
where it colocalized with SMN. However, SmD1 was absent from
axonal SMN-positive granules (Fig. 1A). To further investigate
our hypothesis, we studied SMN colocalization with the cyto-
plasmic SMN complex component Unrip. Unrip was not as-
sociated with SMN in nuclear gems, confirming what has been
described in HeLa cells (Grimmler et al., 2005). We were able
to show that endogenous Unrip protein localizes to the axons
of primary motor neurons and that both endogenous and HA-
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BiFC analysis of the SMN complex. A, Schematic representation of BiFC. Two halves of VFP are tethered together by the interaction of their fusion partners, allowing the fragments to

complement and reconstitute the functional fluorophore. B, BiFC was used to study SMN interactions within the classical SMN complex, as described by Otter et al. (2007). €, Neuro2a cells were
cotransfected for 12 h with the BiFC pairs SMN-Gemin2, SMN-SMN, SMN-Unrip, and Gemin7-Unrip, and VFP mean fluorescence intensity was measured for each individual cell. Values >1.5-fold the
background were considered positive (BiFC *; one-way ANOVA and Tukey's post hoc test, n = 168, 150, 155, 198 for SMN-G2, SMN-SMN, SMN-Unrip, and Unrip-G7, respectively; *p < 0.05, **p <
0.01, ***p < 0.001). CFP was used to identify transfected cells for the analysis. Insets show the VFP signal alone. D, BiFC was used in primary motor neurons to visualize the cellular localization of
interactions. SMN-Gemin2 and SMN-SMN pairs show BiFCsignal in both nuclear gems (arrows) and axonal granules (insets). SMN-SmD1 BiFC-positive granules are restricted to cell body and nucleus.
E, Live cellimaging of an SMN-Gemin2 BiFC granule in the axon of primary cultured motor neuron. The granule (arrows) moved for 8.66 um at an average speed of 3.09 m/s (starting position is
indicated by the red arrows). The apparent reduction in the size of the granules over time is due to VFP photobleaching during the movie acquisition. Scale bars: C, E, 5 um; D, 10 wm.

tagged Unrip partially colocalized with SMN-GFP in axonal
granules (Fig. 1B).

Together, our data show that SMN axonal granules are differ-
ent in nature from spliceosomal snRNPs, although they may
share some components of the classical SMN complex (i.e., Ge-
min proteins).

BiFC shows SMN association with interacting proteins in the
SMN complex

To quantify SMN protein-protein interaction within specific
subcellular compartments, we have used the BiFC technique
(Kerppola, 2009). BiFC allowed us to image protein-protein in-
teractions at high spatial resolution in defined cell volumes, using
deconvolution, 3D reconstruction and digital image analysis. In
this assay, the two nonfluorescent halves of VFP, fused to two
putative interacting proteins, can complement and reconstitute
the functional fluorophore if the two fusion partners are brought
into close proximity (Fig. 2A). To test whether this method was
suitable to study SMN associations within a single particle, we
have analyzed SMN interaction with different components of the
classical SMN complex (Fig. 2B) (Otter et al., 2007). Neuro2a
neuroblastoma cells were transfected with constructs encoding
for the N-terminal VFP fragment (VFP\) fused to SMN, and for
the C-terminal VFP fragment (VFP) fused to Gemin2, SMN, or
Unrip (Fig. 2C). To identify transfected cells in an unbiased man-
ner, a plasmid encoding cyan fluorescent protein (CFP) was

cotransfected and CFP-positive cells were selected for analysis.
When SMN and Gemin2 were tested for their interaction, 89% of
CFP-positive cells showed average BiFC fluorescence intensities
that were at least 1.5-fold higher than mock transfected cells.
These data are consistent with the known direct binding between
SMN and Gemin2 (Liu et al., 1997). We also investigated SMN
self-association, which appears essential for its function (Lorson
et al., 1998), yet has never been visualized in cells. BiFC-positive
SMN-SMN granules were evident in 72% of transfected cells. As
expected, these SMN-SMN granules were localized both in the
cytoplasm and in nuclear bodies resembling gems. On the other
hand, when the SMN-Unrip BiFC pair was tested, only 13% of
cells showed significant fluorescence levels, consistent with bio-
chemical evidence that SMN association with Unrip in the mul-
timeric complex is indirect (Fig. 2B) (Otter et al., 2007). To
exclude artifacts due to protein fusion, we tested different orien-
tation of the fusion proteins (N- or C-terminal to VFP) for both
Unrip and SMN, but all variations yielded negative results (data
not shown). Since the association of Unrip to the SMN-complex
is mediated via interaction with Gemin7 (Otter et al., 2007), we
tested for a possible Unrip-Gemin?7 association, and we observed
that 56% of cells showed a BiFC-positive interaction. As ex-
pected, only cytoplasmic Unrip-Gemin7 BiFC granules were ob-
served. These results strongly suggest that the relative distance of
SMN and Unrip within the SMN complex (Fig. 2 B) was respon-
sible for the low level of complementation observed.



3918 - J. Neurosci., March 9, 2011 - 31(10):3914 3925

Since we have established BiFC as a
method to map protein-protein interac-
tions in multiprotein complexes, we
then applied it in motor neurons to
study the cellular distribution of SMN-
SMN dimers compared with Gemin2-
SMN and SmDI1-SMN complexes.
Interestingly, while SMN-Gemin2 and
SMN-SMN BiFC granules were localized
in nuclear gems, as well as in the cell bod-
ies and axons, and SMN-SmD1 BiFC-
positive granules were visible only in the
nucleus and cytoplasm of the cell body but
not in the axons (Fig. 2D). This also
prompted us to employ the BiFC tech-
nique, for the first time, for live cell imag-
ing to investigate the cotransport of SMN
and Gemin?2 in individual particles along
motor neuron projections. We observed
SMN-Gemin2 BiFC fluorescent granules
moving both retrogradely and antero-
gradely at an average speed of 2.6 um/s,
which is consistent with the fast axonal
transport of SMN (Fig. 2 E; supplemental
Movie S1, available at www.jneurosci.org
as supplemental material) (Zhang et al.,
2003; Fallini et al., 2010).

Our results confirm the existence of
different SMN complexes in the cell body
versus axons and establish BiFC as a valu-
able tool to characterize SMN interaction
with RNA-binding proteins within indi-
vidual particles.

SMN interacts with the mRNA-binding
protein HuD

Since we could show that SMN localizes to
motor neuron axons and is cotransported
with Gemin2, we decided to investigate
whether it was able to interact with the
mRNA-binding protein HuD, due to its
well established role in axonal mRNA
posttranscriptional regulation (Perrone-
Bizzozero and Bolognani, 2002). HuD
and the other members of the ELAV pro-
tein family are expressed in postmitotic
neurons in the CNS. However, HuD ex-
pression in motor neurons has never been
studied. We could detect HuD protein in
both embryonic and adult mouse spinal
cord lysates by Western blot analysis (sup-
plemental Fig. S1, available at www.
jneurosci.org as supplemental material).
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Figure3. The mRNA-binding protein HuD localizes to motor neuron axons and is copurified with SMN. A, Endogenous HuD was
detected by immunostaining using a monoclonal mouse (Mm, left) or a polyclonal rabbit antibody (Rbt, right). HuD-positive
granules were visible in the cell body and proximal axon (top), as well as in the growth cones (bottom). DAPI was used to stain
nuclei (blue). B, EGFP-HuD was expressed in primary motor neurons and active transport of granules was imaged by time lapse
microscopy. The marked granules moved anterogradely toward the growth cone at an average speed of 0.75 um/s (arrowheads)
and 0.98 um/s (arrows). Images of the fluorescent signals have been overlaid on DICimages in both Aand B. Scale bars: 4, 10 wm;
B,5 um. €, Endogenous HuD (top) and SMN (bottom) were copurified from rat brain extracts using GST-fusions of SMN (top) and
HuD (bottom). GST (lanes 3 and 4) or beads alone (lanes 5 and 6) were used as negative controls. D, Endogenous SMN protein was
immunoprecipitated from E18 rat spinal cord lysates and the pellet was immunoblotted for HuD (top, lane 3) and SMN (bottom).
Mouse IgG (Iane 4) or no antibody (lane 2) were used as controls. Inmunoprecipitation input is shown in lane 1. E, EGFP-HuD and
FLAG-mCherry-SMN expressed in HEK293 cells were coprecipitated using an anti-FLAG antibody. A band corresponding to EGFP-
HuD was enriched in the immunoprecipitation pellet (P) and present in the supernatant (S) when FLAG-mCherry-SMN was
coexpressed (lanes 4—5). Pretreatment with 1 mg/ml RNase A for 1 h did not affect the interaction (lanes 7 8). Cells expressing
EGFP-HuD alone (lanes 2—3) were used as a negative control. Inmunoprecipitation input is shown (lane 1).

More importantly, we could also show that endogenous HuD is
present in granules along the axons and growth cones of primary
motor neurons by using both a monoclonal and a polyclonal
antibody (Fig. 3A). Previous studies have implicated HuD in the
regulation of axonal and dendritic mRNA transport in hip-
pocampal neurons (Bolognani et al., 2004; Tiruchinapalli et
al., 2008). Thus, we investigated HuD transport in motor neu-
rons using an EGFP-HuD construct. By using time-lapse mi-
croscopy, we could show that HuD is actively transported in
granules along the axon of motor neurons, as well as in axons

of chick forebrain neurons (Fig. 3B; supplemental Movie S2
and supplemental Fig. S2, available at www.jneurosci.org as
supplemental material). Both antero- and retrograde move-
ment of EGFP-HuD-positive granules was observed with a
speed of 0.8 * 0.14 pum/s.

To investigate whether SMN interacts with HuD, we first per-
formed pull-down assays. Rat brain extracts were incubated with
GST-tagged HuD or SMN recombinant proteins (Fig. 3C). En-
dogenous SMN and HuD showed interactions with GST-tagged
proteins, but not with the GST and beads only controls. To fur-
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SMN and HuD colocalize and are cotransported in the same granule in motor neurons. A-C, Endogenous SMN and HuD (4), Gemin2 (B), and GARS (C) proteins were detected by

immunofluorescence in primary motor neurons. Strong colocalization was observed between SMN and HuD and SMN and Gemin2, but not between SMN and GARS (insets). D, Quantification of
colocalization between each protein and SMN was performed. Bars represent mean and SEM (one-way ANOVA and Tukey's post hoc test, n = 30; *p << 0.05, ***p << 0.001). E, Dual fluorescent-
tagged SMN and HuD are cotransported in the same granule in the axon of motor neuron. The SMN-HuD colocalized granule shown in Ea (arrowheads) moved for 13.74 um with an average speed
0f 0.88 m/s. Single-channel magnifications of the granule are shown in the insets. A granule positive for mCherry-HuD alone is shown in Eb (arrows). Small arrowheads and arrows mark the initial

position of the tracked granules. Scale bars: A-C, 10 pem; E, 5 um.

ther confirm the interaction, endogenous SMN protein was im-
munoprecipitated from rat embryonic spinal cord lysates, and
the immunoprecipitation was probed for the presence of HuD
(Fig. 3D). Although weak, a band corresponding to HuD was
visible in the SMN pellet, but not in the IgG or “no antibody”
controls. To test whether the SMN-HuD association required the
binding of HuD to RNA, protein lysates from HEK293 cells ex-
pressing EGFP-tagged HuD and FLAG-mCherry-SMN were in-
cubated with RNase A for 1 h before purification (Fig. 3E). A
band corresponding to EGFP-HuD was evident in the FLAG im-
munoprecipitation with or without RNase A pretreatment, sug-
gesting that the SMN-HuD interaction does not depend on the
presence of RNA in the complex. Together, these different assays
demonstrate a biochemical association between SMN and HuD.

SMN and HuD colocalize in motor neuron axons

Since we showed that HuD is localized in motor neuron axons
and growth cones and that SMN and HuD are associated in spinal
cord extracts, we investigated whether SMN and HuD also colo-
calize in axonal granules. Primary motor neurons were costained
with SMN and HuD antibodies and a stringent statistical colocal-
ization analysis (Costes et al., 2004) in deconvolved 3D recon-
structions was performed. Interestingly, we observed that 35.6%
of the HuD signal colocalized with SMN (Mander’s coefficient
0.86) in the proximal axon of cultured motor neurons (Fig. 4 A—
D), similar to the 44.7% colocalization observed with Gemin2
(Mander’s coefficient 0.76), a well known SMN protein interac-
tor. Conversely, the GARS, which shows a similar punctuate
staining and has a similar abundance in the axon as HuD, showed
only 18% overlap with SMN granules. We have further con-
firmed the statistically nonrandom association between SMN
and HuD by showing the colocalization of fluorescence-tagged
SMN with endogenous and GFP-tagged HuD in motor neurons

(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material) and hippocampal neurons (supplemental Fig.
S4, available at www.jneurosci.org as supplemental material). We
have shown previously that SMN-positive granules are also ac-
tively transported in different neuronal cell types (Zhang et al.,
2003; Fallini et al., 2010). Therefore, we investigated whether
SMN and HuD were cotransported in the same particle in motor
neuron axons. For this purpose, cells were cotransfected with
expression vectors for EGFP-SMN and mCherry-HuD. Cells
were treated with Br-cAMP or BDNF, which has previously been
shown to stimulate microtubule-dependent localization of
mRNP granules from the cell body into axons and growth cones
(Zhang et al., 1999). Although neither BDNF nor Br-cAMP in-
creased endogenous SMN localization in the axons, Br-cAMP
significantly enhanced the number of HuD-positive particles
in the proximal axon of motor neurons (supplemental Fig. S5,
available at www.jneurosci.org as supplemental material). Im-
portantly, under these conditions we could show for the first time
that fluorescent-tagged SMN is cotransported in the same parti-
cle with HuD in motor neuron axons (Fig. 4C; supplemental
Movie S3, available at www.jneurosci.org as supplemental mate-
rial). The majority of granules positive for both SMN and HuD
did not move persistently along the axon but rather showed os-
cillatory movement, consistent with what was previously ob-
served for SMN and Gemin2 (Zhang et al., 2003, 2006). Next, we
used BiFC to investigate whether SMN and HuD are closely as-
sociated within the same granule or in two different but colocal-
ized particles. BiFC constructs of SMN and HuD ¢DNAs fused
to the N- and C-terminal fragments of VFP were cotransfected
into primary motor neurons. Fluorescent BiFC signals showed
that SMN and HuD are closely associated components of the
same granule (Fig. 5). Importantly, BiFC-positive granules were
localized mainly to the cell body and along the axon, while little or
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Figure5.

BiFCreveals SMN-HuD granuleslocalized and actively transported along motor neuron axons. A—C, Primary motor neurons were transfected with SMN and HuD BiFC constructs and fixed

24 h posttransfection. BiFC granules (green) were stained using anti-SMN (A), Gemin2 (B), and Unrip (C) antibodies (red). Positive granules were visible in the cell body and along the axon (insets).
DAPI (blue) was used to identify nuclei. D, Time lapse microscopy was used to image SMN-HuD BiFC granules moving in motor neuron processes. Anterograde (arrows) and retrograde (arrowheads)
trajectories were observed. Both granules moved at an average speed of 1 ,um/s. Red arrowheads and arrows mark the initial position of the tracked granules. Scale bars: A-C, 10 um; D, 5 um.

no signal was detected in the nuclear compartment. The SMN-
HuD BiFC granules were also immunoreactive with antibody to
SMN, Gemin2, and Unrip (Fig. 5A-C). We were able to demon-
strate that SMN-HuD BiFC granules move in both directions
along motor neuron axons (Fig. 5D; supplemental Movie S4,
available at www.jneurosci.org as supplemental material). These
data demonstrate that SMN and HuD are components of multi-
protein complexes that are actively transported along motor neu-
ron axons.

The SMN Tudor domain is necessary for interacting

with HuD

To identify the SMN protein domain responsible for the interac-
tion with HuD, EGFP-tagged SMN constructs with deletions of
the N-terminal 53 aa (SMNANS53), Tudor domain (SMNAT), or
C-terminal exon-7 (SMNA7) were tested by coimmunoprecipi-
tation (Fig. 6 A, B). SMNA?7, the major protein product of SMN2
gene, as well as the SMNANS53 construct, which lacks the
Gemin2-interacting domain (Liu et al., 1997), were still copre-
cipitated with FLAG-HuD. The deletion of SMN Tudor domain
almost completely abolished SMN-HuD interaction (Fig. 6B).
Moreover, we could show that the SMN Tudor domain is neces-
sary and sufficient for the interaction with HuD (Fig. 6C). Inter-
estingly, the Tudor domain is, together with the C-terminal YG
box, an SMA mutation hotspot in the SMN1 gene (Rossoll and
Bassell, 2009). To investigate whether SMA patient-derived mis-
sense mutations affect the ability of SMN to associate with HuD,
mutations in the Tudor domain (E134K) (Biihler etal., 1999) and
YG box (G279V) (Hahnen et al., 1997) were introduced into the
SMN sequence. We used the BiFC technique to quantitatively
analyze protein-protein interactions in 3D-reconstructed cell
volumes. We observed a significant reduction (35%) in BiFC
relative fluorescence intensity when the Tudor domain was de-

leted compared with full-length SMN (Fig. 6 D), confirming the
biochemistry data shown earlier. Importantly, the E134K point
mutation in the Tudor domain also significantly impaired SMN-
HuD association (80% in respect to SMN FL), while the G279V
substitution did not have any effect (101% vs SMN FL). The same
was observed when BiFC constructs were transfected in motor
neurons (supplemental Fig. S6, available at www.jneurosci.org as
supplemental material). Since SMN dimerization is supposed to
be a prerequisite for SMN function, we investigated the possibil-
ity that the inability of the SMN mutant to interact with HuD was
due to its failure to self-associate (Fig. 6 E). While the mutation in
the YG box, a domain known to be essential for SMN dimeriza-
tion, significantly reduced the BiFC fluorescence, the E134K mu-
tation had no effect. We also tested the effect of the mutations on
the axonal localization of SMN. Motor neurons were transfected
with EGFP-tagged SMN constructs, and the axonal fluorescence
intensity was evaluated (Fig. 6 F). We observed that the Tudor
domain mutant had a similar axonal distribution as wild-type
SMN, while the SMN 27V Jocalization to the axons was signifi-
cantly reduced. Noteworthy, the total protein level for all SMN
constructs was similar (data not show). Together, these results
demonstrate that the Tudor domain is necessary and sufficient
for SMN-HuD association and that an SMA patient-derived mu-
tation in this domain significantly impairs this interaction. In
addition, a disease-causing mutation in the YG box impairs
dimerization and axonal localization of SMN. Together, these
data suggest that disrupting the SMN-HuD interaction or axonal
localization of SMN may contribute to SMA pathogenesis.

HuD axonal localization is affected by SMN knockdown

While we have demonstrated that SMN interacts in a Tudor
domain-dependent manner with the mRNA-binding protein
HuD, and that the two proteins are cotransported within individ-
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Figure 6.  Deletion and mutation in the SMN Tudor domain specifically impair SMN-HuD interaction. A, Schematic representation of SMN deletion constructs lacking exon 7 (SMNA?7), the N
terminus (SMNANS53), or the Tudor domain (SMNAT). The E134K (SMN ") or the G279V (SMN ®2°Y) mutations were introduced in the murine full-length SMN (SMN FL) sequence. B, C,
Immunoprecipitation (IP) experiments with HEK293 cells transfected with EGFP- and FLAG-tagged SMN and HuD constructs. Anti-FLAG antibody was used to precipitate FLAG-tagged HuD.
Monoclonal antibodies to GFP and FLAG were used for detection. SMN with the Tudor domain deletion (SMNAT) failed to coprecipitate with HuD (B, lane 7), in contrast to SMN full-length and N-
or C-terminal deletions. The Tudor domain alone, fused to EGFP, is sufficient to be copurified with FLAG-HuD (C, lane 5). P, IP pellet; S, IP supernatant. D, E, BiFC was used to investigate the effect of
Tudor domain deletion or mutation on SMN-HuD interaction (D) and SMN self-association (E). Neuro2a cells were transfected with BiF C constructs and fixed after 12 h. Murine full-length SMN (SMN
FL), SMNAT, and Tudor domain (SMN £"*) or YG-box mutants (SMN ©2°Y) were compared. Fluorescence intensity of the BiFC signal (green) was quantified and normalized to CFP protein
expression (blue). Both deletion (SMNAT) and mutation (SMN £3*) in the Tudor domain, but not in the YG-box (SMN ©2%Y), showed significantly reduced interactions with HuD (D, graph). In
contrast, SMN “2*Y mutant showed impaired ability to self-associate compared with both SMN FL and the SMN E"3* constructs (E, graph). Scatter plots represent the quantification 0f 80 —120 cells
per condition from three independent experiments. Mean and SEM are shown (one-way ANOVA and Tukey's post hoc test, **p << 0.01, ***p << 0.001). F, Primary motor neurons were transfected
with EGFP-fusions of wild-type or mutant SMN cDNAs (SMN FL, SMN £3* and SMN 527" respectively; green), and stained with tau antibody (red) to recognize the axons. EGFP fluorescence intensity
was evaluated in the proximal axonal segment. A significant reduction was observed when the G279V mutation was present (one-way ANOVA and Tukey's post hoc test, n = 21, 24, and 27 for SMN

FL, SMNE'3* and SMN ©27%Y respectively; *p << 0.05). Scale bars: D—F, 10 um.

ual granules, we also sought to investigate the functional impli-
cations of this interaction. To address this question, we have
silenced SMN expression in wild-type motor neurons using a
vector-base shRNA strategy (Fallini et al., 2010). The shRNA-
mediated SMN knockdown was used in these experiments to
investigate the acute response following reduction of SMN levels,
rather than the chronic effects of its gene deletion in animal mod-
els. Primary cultured motor neurons were transfected with an
shRNA construct targeting SMN or with a nonsilencing control
and incubated for 5 d. We have previously shown that under
these conditions SMN levels are strongly reduced both in the cell
body and axon (Fallini et al., 2010). At first, we investigated the
effect of SMN knockdown on Gemin?2 levels, which are known to
depend on SMN expression. As expected, we observed a signifi-
cant reduction of Gemin2 immunofluorescence in both cellular
compartments (48% and 64% in axons and cell bodies, respec-
tively), which confirmed that the knockdown was efficient
enough to affect SMN protein partners (Fig. 7 A, B). Additionally,
motor neurons transfected with the SMN-specific sShRNA con-

struct showed a 36% reduction in the number of nuclear gems
[1.55 and 1 gems/cell in shRNA Ctrl (control) and shRNA SMN,
respectively], identified by Gemin?2 staining (Fig. 7C).

We then tested whether SMN knockdown also affected HuD
protein levels. Interestingly, we observed a selective reduction of
HuD immunofluorescence in the axonal compartment, while the
cell body was relatively spared (76% and 94% in axons and cell
bodies, respectively). Also, the number of Gemin2- and HuD-
positive particles in SMN knockdown axons was reduced com-
pared with controls (Fig. 7D), while the average fluorescence
intensity per particle did not change. These data suggest that
SMN deficiency specifically impairs HuD trafficking in motor
neuron axons, possibly by interfering with the assembly in
mRNPs and/or transport of HuD-containing mRNP complexes.

Poly(A)-mRNA localization in motor neuron axons is
impaired following SMN knockdown

To investigate whether SMN deficiency would lead to a general
defect in the axonal trafficking of mRNAs, we performed quan-
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titative FISH experiments. Motor neurons A
were transfected with shRNA constructs
targeting SMN mRNA as described above,
and poly(A)-positive mRNAs were de-
tected by using a DIG-labeled oligo dT
probe (Fig. 8A). To control for specificity
of the signal, an oligo dA probe was used
(Fig. 8B) (Bassell et al., 1994). Interest-
ingly, we observed a significant 57% re-
duction in the fluorescence intensity of
the poly(A) signal in the axonal compart-
ment (Fig. 8C,D), while the cell body was
unaffected (92.9% of controls). When we
compared the number of poly(A)™
mRNA-containing particles, we also ob-
served a significant, although less dra-
matic, 31% decrease, suggesting that
both the number of mRNP granules and
the number of mRNA molecules per
granules were affected. These data sug-
gest that reduced SMN levels lead to a
general impairment of the mRNA trans-
port machinery, influencing the local-
ization and possibly the composition of
mRNPs.

aGemin2 gt
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Discussion

In this study, we have addressed a putative
role for SMN in the regulation of axonal
mRNA in motor neurons by combining
different cell imaging tools, such as BiFC,
quantitative colocalization and time-lapse
video microscopy. We show that SMN is
cotransported with the mRNA-binding
protein HuD in axonal granules, and that
this interaction depends on the SMN Tu-
dor domain. Furthermore, we show that a
single SMA patient-derived mutation in this domain abrogates
the interaction. Importantly, we demonstrate that SMN defi-
ciency in primary motor neurons leads to a reduction of HuD
levels and a dramatic impairment of poly(A)-mRNA localization
in axons. Together our results suggest that SMN interactions with
mRNA-binding proteins can facilitate the localization of poly(A)
associated mRNP complexes in axons.

SMN has a well established role in snRNP assembly, and al-
though generalized splicing defects in various tissues have been ob-
served in an SMA animal model (Zhang et al., 2008), currently there
is no explanation for the selective vulnerability of motor neurons to
low levels of SMN. We and others have hypothesized that SMN has
additional roles in mRNA posttranscriptional regulation, such as
modulation of mRNA transport and/or local translation at the distal
ends of motor neurons, mechanisms required for the maturation
and maintenance of neuromuscular junctions (Sendtner, 2001; Bri-
ese etal.,, 2005; Monani, 2005; Burghes and Beattie, 2009; Rossoll and
Bassell, 2009). Our approach to better understand SMN axonal
function was to investigate the composition of SMN-positive gran-
ules in motor neuron axons. Here, we combined high-resolution cell
imaging and quantitative colocalization analysis with BiFC to dis-
criminate between components of single particles and closely asso-
ciated but distinct granules. BiFC is a well established technique for
visualizing and quantifying protein-protein interactions (Kerppola,
2008), such as receptor subunits (Vidi et al., 2008; Ramirez et al.,
2009) or transcription factors (Hu et al., 2002; Yuan et al., 2009).

Figure7.
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SMN deficiency impairs HuD axonal localization. A, Primary motor neurons were transfected with an shRNA construct
targeting SMN mRNA (bottom) or a nonsilencing control (top). Cells were fixed after 5 d and stained for Gemin2 (left) and HuD
(right) proteins. GFP expression (green) was used to identify transfected motor neurons. Nuclei were stained with DAPI (blue).
Axons were straightened and pseudo-colored with an intensity map (insets). Gems are indicated by the arrows. Scale bar, 10 m.
B, D, Gemin2 and HuD average fluorescence intensity (B) and particle number (D) were quantified in the proximal axonal fragment
(B, D) and cell body (B, only) of shRNA SMN and control (Ctrl) cells from three independent experiments. While Gemin2 protein was
significantly decreased in both cell compartments, HuD levels were selectively reduced in the axons by 24% compared with controls
(one-way ANOVA and Tukey's post hoc test, n = 28, *p << 0.5, ***p << 0.001). €, Gems, identified as Gemin2-positive bodiesin the
nucleus, were scored. Gem number decreased from 1.5 == 0.3 in control cells to 1 == 0.7 gem/cell in knockdown motor neurons
(Student's t test, n = 28, *p << 0.05). For all graphs, columns represent mean and SEM.

However, BiFC has been rarely used in primary neurons, and
never to visualize the composition of single transport granules.
Previously, we have quantified partial colocalization of endoge-
nous SMN with Gemin2 and Gemin3 in axonal growth cones of
hippocampal neurons (Zhang et al., 2006). Applying this novel
approach in motor neurons, we now demonstrate that SMN
dimerizes in axonal granules as well as in nuclear gems similarly
to SMN-Gemin2 heterodimers, while the Sm core protein SmD1
is restricted to the cell body and nucleus. The relative distance of
SMN and Unrip within the complex did not allow for BiFC de-
tection, but we showed that Unrip is present in axonal granules,
partially colocalizing with SMN and HuD. A model has been
proposed in which Unrip provides a scaffold for the assembly of
neuronal mRNPs containing MAP1B, Staufen-1, and nuclear ex-
port factors (Tretyakova et al., 2005). These observations, to-
gether with our new data, suggest that the function of Unrip and
the SMN complex goes beyond snRNP assembly, and it may be
involved in coupling mRNA splicing with nuclear export and
microtubule-dependent mRNA trafficking.

Data from several laboratories have shown that SMN can as-
sociate with LSm proteins (di Penta et al., 2009) and several
mRNA-binding proteins (Rossoll and Bassell, 2009), although
until now, the only mRNA-binding protein that has been shown
to colocalize with SMN in primary motor neurons is hnRNP-R
(Rossoll et al., 2002). In this study we identified HuD as a new
SMN interaction partner. HuD is a neuronal-specific mRNA-
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which, HuB, HuC, and HuD, are selec-
tively expressed in neurons, and the
fourth, HuR, is ubiquitous (Good, 1995).
HuD knock-out in mice leads to specific
motor defects (Akamatsu et al., 2005),
confirming the importance of mRNA reg-
ulation in the highly specialized motor
neurons. HuD targets include B-actin
mRNA and the microtubule associated
protein tau mRNA, whose axonal local-
ization is regulated by HuD (Aronovetal.,
2002; Atlas et al., 2004). An extensive RIP-
Chip analysis of HuD targets suggests a
role for HuD in the regulation of actin
dynamics (Bolognani et al., 2010). This is
of particular importance, since a misregu-
lation of actin cytoskeleton dynamics has
been linked to SMA motor neuron defects
(Oprea et al., 2008; Bowerman et al., 2009).
One of the most studied HuD targets en-
codes the growth-associated protein 43
(GAP43) (Chungetal., 1997), which plays
an important part in axon outgrowth and
guidance, and in the regulation of actin
filaments (Denny, 2006). The stability of
GAP43 mRNA is under direct control of
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Figure 8.  SMN knockdown impairs the localization of poly(A)-positive mRNA granules in motor neuron axons. A, B, Primary
motor neurons were transfected with an shRNA construct targeting SMN mRNA (bottom) or a nonsilencing control (top). Cells were
fixed after 5 d and processed for fluorescence in situ hybridization. Poly(A) * mRNAs were detected using a DIG-labeled oligo dT
probe (red) (A). The specificity of the signal was controlled by using an oligo dA probe (B). GFP expression (green) was used to
identify transfected motor neurons. Nuclei were stained with DAPI (blue). Axons were straightened and pseudo-colored with a
16-color intensity map (insets). Scale bar, 10 wm. C, D, Average fluorescence intensity (€) and number (D) of poly(A) * mRNA-
containing granules were quantified in the proximal axonal fragment and cell body of shRNA SMN and control (Ctrl) cells from three
independent experiments. Both parameters were significantly reduced in respect to controls by 58% and 31%, respectively
(one-way ANOVA and Tukey's post hoc test, n = 31 for shRNA Ctrl and n = 36 shRNA SMN respectively, ***p << 0.001). Bars

HuD, and they colocalize in growth cones
of PC12 cells (Mobarak et al., 2000; Smith
et al., 2004). Interestingly, SMN knock-
down disrupts GAP43 localization at the
growth cones of neuronal cells (Bower-
man et al., 2007). HuD also regulates
mRNA stability and translation of the
neuronal splicing factor Noval (Ratti et
al., 2008). Mice lacking Noval exhibit de-
fective muscle innervations and motor
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Figure 9.  Proposed model for SMN function in motor neuron axons. SMN, either alone or
associated with components of the SMN complex, facilitates the association of HuD and possibly
other mRNA-binding proteins with target mRNAs and the trafficking of associated poly(A)
mRNAs from the cell body along the motor neuron axon.

binding protein that binds to AU-rich elements in the 3'UTR of
target mRNAs affecting their stability, transport, and translation
(Deschénes-Furry et al., 2005; Pascale et al., 2008). Gene deletion
of elav, the HuD fly ortholog, leads to embryonic lethality due to
defects in nervous system development (Robinow et al., 1988). In
vertebrates, the ELAV family consists of four members, three of

neuron firing (Ruggiu et al., 2009).

Based on our results, we speculate that
SMN interacts with HuD and facilitates the association of HuD
with mRNA and other proteins in mRNP complexes, similarly to
SMN function in snRNP assembly. This hypothesis is supported
by the finding that SMN interaction with HuD is mediated by the
Tudor domain, which is responsible for SMN interaction with
Sm and LSm proteins via dimethylarginine residues (Coté and
Richard, 2005). The SMN Tudor domain also mediates interac-
tion with the mRNA-binding protein KSRP (Tadesse et al., 2008),
and both KSRP and HuD are substrates of CARM1 methyl trans-
ferase (Fujiwara et al., 2006). HuD activity is also modulated by
PKCa-dependent phosphorylation, leading to enhanced bind-
ing, stability, and translation of its target mRNAs (Pascale et al.,
2005; Ratti et al., 2008). It will be interesting to see whether HuD
methylation and/or phosphorylation regulate SMN-HuD
interaction.

A potential relevance of SMN-HuD association for SMA
pathogenesis is implied by three observations. First, using BiFC as
a tool to investigate SMN interactions in vivo, we show that a
single nucleotide substitution in the SMN Tudor domain
(E134K) impaired its binding to HuD, and while a mutation in
the YG-box had no effect on this interaction, it did impair SMN
dimerization and axonal localization. The Tudor domain, to-
gether with the C-terminal YG-box, is a mutational hot spot in
SMA (Rossoll and Bassell, 2009). Our data are consistent with
previous reports that showed that this mutation in the Tudor
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domain affects SMN nuclear import and interaction with other
proteins, such as Sm proteins (Selenko et al., 2001; Narayanan et
al., 2004), and YG-box mutations affect SMN activity by inhibit-
ing its self-association (Burnett et al., 2009). Moreover, these data
suggest a possible model for how different mutations that appear
to affect different aspects of SMN function eventually lead to the
development of SMA. Second, we observed that SMN reduction
caused a selective decrease of HuD protein levels in motor neuron
axons. It has been previously shown that SMN deficiency in SMA
tissues or cell lines causes a more general downregulation of most
of its interaction partners (Jablonka et al., 2001; Wang and Drey-
fuss, 2001; Helmken et al., 2003; Tadesse et al., 2008), although in
these studies their specific cellular distribution was not analyzed.
Upon SMN knockdown, we observed a general decrease of Ge-
min2 levels in both the axons and cell bodies, strongly suggesting
that the selective reduction of the mRNA-binding protein HuD
in the axonal compartment, but not in the cell body, is not due to
our experimental paradigm but it is rather a specific consequence
of SMN depletion. Thirdly, we demonstrate that SMN is neces-
sary for the axonal localization of poly(A) mRNA-containing
granules, since upon SMN knockdown both the number and
fluorescence intensity of poly(A) *-particles were dramatically
reduced in motor neuron axons. As of now, only B-actin mRNA
levels were shown reduced in SMA motor neurons (Rossoll et al.,
2003). Our observations suggest a more general role of SMN, and
possibly other components of the SMN complex, in facilitating
the assembly of mRNA-binding proteins on their target tran-
scripts in axonal granules, thus mediating the transport and local
translation of these mRNPs (Fig. 9). Our results suggest that mu-
tations or reduced levels of SMN might impair the axonal local-
ization or the interactions of mRNA with mRNA-binding
proteins such as HuD, KSRP, and hnRNP-R/Q, thus leading to a
defective subcellular localization of transcripts that may be re-
quired for motor neuron maintenance.

In conclusion, our results argue for a role of SMN in the axon
to affect mRNP assembly and/or localization that is different
from its canonical function in snRNP assembly, providing an
alternative model to explain axonal defects in SMA. Here we
provide a technological approach to further study the interac-
tions of SMN with mRNA-binding proteins using quantitative
immunofluorescence and BiFC, which will contribute to a better
understanding of SMN function and the reason of the selective
motor neuron degeneration observed in SMA.

Note added in proof. At the time the current article was under
revision, another study was published providing additional evi-
dence for SMN-HuD association in a motor neuronal cell line
(Hubers et al., 2011).
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